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Behavioural responses of sea bass Dicentrarchus labrax were investigated after 29 
exposure to cadmium ions in laboratory controlled conditions. The aim of this study was to 30 
discover whether environmental exposure to cadmium ions inactivates fish lateral line system 31 
neuromasts, and to determine the behavioural consequences of such a sensory blockage. For 32 
this, fish escape behaviour in response to an artificial water jet was recorded using a 25-33 
frames.s-1 analog video camera before and after cadmium exposure. Experimental set up was 34 
tested with fish whose lateral line system was artificially inactivated by antibiotics 35 
(gentamicin and streptomycin). Histological analyses with scanning electron microscopy 36 
showed antibiotic treatment destroyed lateral line system neuromasts. In addition, these fish 37 
did not respond to stimulations provoked by the water jet after antibiotic treatment. Fish 38 
escape behaviour was then recorded before and after cadmium exposure at two different 39 
concentrations. When fish were exposed to the first concentration of cadmium tested (0.5 µg.l-40 
1
, which represents the maximal cadmium concentration encountered in contaminated 41 
estuaries), no alteration in neuromast tissue was observed. In addition, before cadmium 42 
exposure, fish responded positively in 98.41 ± 4.95 % of lateral line system stimulations 43 
(escape behaviour in response to the water jet). After cadmium exposure, no behavioural 44 
modification could be detected: the fish responded positively in 95.16 ± 9.79 % of 45 
stimulations ( χ² = 2.464, p = 0.116). In contrast, the high cadmium concentration used (5 46 
µg.l-1, which represents ten times the concentration occurring in highly polluted estuarine 47 
areas) involved severe neuromast tissue damage. Just after such cadmium exposure, fish 48 
showed only 41.67 ± 35.36 % of positive responses to their lateral line system stimulations, 49 
while they responded positively in 95.93 ± 9.10 % of stimulations under control conditions 50 
( χ ² = 24.562, p < 0.0001). Their lateral line system neuromasts seemed to regenerate about 51 
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one month after cadmium exposure. Associated with this regeneration, from the 21st day after 52 
cadmium exposure, their escape behaviour had recovered and was not significantly different 53 
from that recorded under control conditions (86.74 ± 20.82 %, χ ² = 2.876, p = 0.090). This 54 
study shows that although 5 µg.l-1 cadmium is able to damage lateral line system neuromasts 55 
and causes fish behavioural alterations, fish exposed to 0.5 µg.l-1 cadmium displayed neither 56 
tissue neuromast nor behavioural modification.  57 
 58 
Key words: Fish, sea bass, lateral line system, neuromast, acute cadmium exposure, C-start, 59 
escape behaviour. 60 
 61 
1. Introduction 62 
 63 
In fish, lateral line system is involved in many behavioural events such as predator 64 
and prey detection (Hoekstra and Janssen, 1986; Montgomery, 1989; Bleckmann, 1993; 65 
Montgomery and Hamilton, 1997; Coombs, 1999; Janssen et al., 1999), rheotaxis 66 
(Bleckmann, 1993, Pavlov and Tyuryukov, 1993; Montgomery et al., 1997; Northcutt, 1997; 67 
Baker and Montgomery, 1999a, b; Coombs et al., 2001), obstacle avoidance (Dijkgraaf, 1962; 68 
Blaxter and Batty, 1985; Bleckmann, 1993) and intraspecific interactions (Partridge and 69 
Pitcher, 1980; Janssen et al., 1995). The morphological and functional integrity of this 70 
sensory system thus appears indispensable for the existence and the survival of a species in an 71 
ecosystem. In order to study the behavioural consequences of a blockage (temporary or 72 
permanent) of the lateral line system, several techniques have been used to inactivate this 73 
sensory system in many fish species. First, the oldest method is to section the trunk lateral 74 
lines on both sides just behind the operculum (Pitcher et al., 1976; Partridge and Pitcher, 75 
1980; Partridge, 1982; New et al., 2001). Another technique used to damage both superficial 76 
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and canal neuromasts of the fish lateral line system is of a mechanical nature. The most 77 
widespread method of doing this consists of ablating the superficial neuromasts by slightly 78 
scratching the lateral line epidermis in the rostrocaudal and caudorostral directions using a 79 
sterile razor blade (Montgomery et al., 1997; Baker and Montgomery, 1999a, b; Coombs et 80 
al., 2001). Another method, (Blaxter and Fuiman, 1989), is to assault the fish vigorously with 81 
turbulence and bubbles in order to dislodge superficial neuromast cupulae, making the 82 
neuromasts non-functional. To inactivate the canal neuromasts of a freshwater fish, Abdel-83 
Latif et al. (1990) pushed hairs through their pores until the lumen of all canals was filled 84 
completely, thereby preventing any fluid movement within them. Two other techniques are 85 
also widely used: antibiotic baths and treatment with cobalt. Antibiotics from the family of 86 
aminoglycosides are known to displace calcium ions from their fixation sites, thus blocking 87 
the cation channels located at the apices of the stereocilia of neuromast hair cells on the fish 88 
lateral line system (Hudspeth, 1983; Kroese et al., 1989; Forge and Schacht, 2000). Among 89 
these aminoglycosides, gentamicin acts selectively on canal neuromasts of the fish lateral line 90 
system (Song et al., 1995; Montgomery et al., 1997; Baker and Montgomery, 1999a, b; 91 
Coombs et al., 2001). This action of gentamicin is reversible at low concentration (Wersäll 92 
and Flock, 1964) whereas at high concentration, the effects induced by this antibiotic lead to 93 
cell death (Kaus, 1987; Richardson and Russel, 1991). While gentamicin selectively destroys 94 
canal neuromasts, streptomycin is commonly used to damage superficial neuromasts (Blaxter 95 
and Hoss, 1981; Kaus, 1987; Blaxter and Fuiman, 1989; Janssen et al., 1995; Higgs and 96 
Fuiman, 1996; Montgomery et al., 1997; Poling and Fuiman, 1997). Because exposure of fish 97 
to these antibiotics (gentamicin and streptomycin) does not affect the inner ear of fish 98 
(Matsuura et al., 1971; Blaxter and Fuiman, 1989), this method of blocking the lateral line 99 
system is of specific interest in fish-behaviour studies. After exposure to these antibiotics, 100 
both types of neuromasts regenerate within a period of between one and about 20 days after 101 
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the end of the treatment, in both freshwater and seawater fish (Kaus, 1987; Blaxter and 102 
Fuiman, 1989; Song et al., 1995; Coombs et al., 2001). The use of cobalt chloride (CoCl2) in 103 
order to inactivate the fish lateral line system is also widely used. Sand (1975) previously 104 
developped this method using amphibians and it was then applied to freshwater fish (Karlsen 105 
and Sand, 1987; Enger et al., 1989; Janssen and Corcoran, 1993; Canfield and Rose, 1996; 106 
Liang et al., 1998; Abboud and Coombs, 2000). The action mode of cobalt is the same as that 107 
of antibiotics: this metal ion blocks calcium channels located at the apices of stereocilia on 108 
neuromast hair cells (Karlsen and Sand, 1987). According to the concentration used, the 109 
regeneration of neuromasts was observed between two and 30 days following the end of the 110 
treatment (Karlsen and Sand, 1987; Montgomery and Milton, 1993; Abboud and Coombs, 111 
2000). However, Janssen (2000) demonstrated the toxicity of cobalt to fish. He showed that 112 
exposure of fish to high concentrations of cobalt causes significant perturbations of swimming 113 
behaviour and can lead to death. The efficacy of these techniques aimed at damaging the 114 
lateral line system of seawater or freshwater fish has rarely been demonstrated at the 115 
histological level for superficial and canal neuromasts. Only a few studies have been done to 116 
determine the tissue status of canal neuromasts after the use of gentamicin (Song et al. 1995; 117 
Coombs et al., 2001) and of superficial neuromasts after mechanical treatment alone or 118 
combined with application of cobalt (Baker and Montgomery, 1999a, b). Only one or two 119 
scanning electron micrographs have been published, showing the efficacy of these treatments. 120 
Except for those of Baker and Montgomery (1999b) and Coombs et al. (2001), few studies 121 
have mentioned the percentage of neuromasts destroyed by the treatment.  122 
Because the lateral line system functions through ion flux, the presence of divalent 123 
metal cations, competing with Ca2+ cations at stereocilia level can disrupt neuromast hair cell 124 
function (Karlsen and Sand, 1987). Among metal ions, cadmium is considered as the most 125 
toxic ion after mercury because concentrations leading to death are much lower than for other 126 
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metal ions (Eisler and Hennekey, 1977). Also, in contrast to several metal ions (copper, zinc, 127 
iron, cobalt, etc.), cadmium ion has no known metabolic role and does not seem to be 128 
biologically essential or beneficial to metabolism (Friberg et al., 1974; Bryan, 1979). Several 129 
studies concerning the contamination of coastal fish by metal ions, and by cadmium in 130 
particular, focused on the bio-accumulation of this metal in fish organs (Smith et al., 1976; 131 
Cattani et al., 1996; Miramand et al., 1998; Al-Yousuf et al., 2000; Tayal et al., 2000; Scott et 132 
al., 2003; Tophon et al., 2003). These studies show that in seawater fish, cadmium 133 
accumulates mainly in the gills, liver, kidneys and muscles.  134 
Given that cadmium is a calcium antagonist at the level of the gills (Verbost et al., 135 
1987, 1988), and that calcium ions play a preponderant role in signal transduction 136 
mechanisms in neuromast hair cells in the fish lateral line system (Sand, 1975; Hudspeth and 137 
Corey, 1977; Jørgensen, 1984), cadmium ions might affect mechanoreception and thereby 138 
alter the behaviour of fish exposed to them. In general, during the approach of predators or 139 
other organisms, fish detect hydrodynamic stimuli caused by predator displacements that act 140 
on their lateral line system in association with the inner ear (Blaxter and Fuiman, 1989; 141 
Coombs et al., 1989; Bleckmann, 1993). The result is an escape response characterised by the 142 
fish body bent into a shape that resembles a “C” that earns it the term “C-start” or “startle 143 
response”, followed by a sudden swimming acceleration produced by the propulsive 144 
movement of the caudal fin (Weihs, 1973; Blaxter and Fuiman, 1989; Canfield and Rose, 145 
1996; Meyers et al., 1998; Casagrand et al., 1999; Eaton et al., 2001). This sudden reaction is 146 
initiated by Mauthner cells located in the cerebral trunk and the spinal cord of fish and 147 
amphibians (Zottoli, 1977, 1978; Zottoli et al., 1999). One could easily understand that a good 148 
initial perception of the “predator approach” stimulus by the lateral line system plays a 149 
preponderant role leading to the startle response. The aim of this study was to examine the 150 
effects of an acute exposure to cadmium, at concentrations akin to those encountered in a 151 
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contaminated environment, on the lateral line system of the sea bass Dicentrarchus labrax, 152 
using both histological evaluation of neuromast damage and an analysis of changes in the 153 
frequency of the C-start behaviour.  154 
 155 
2. Material and methods 156 
 157 
2.1. Animal origin and housing 158 
 159 
Experiments took place between October 2002 and June 2003 and between 160 
December 2003 and July 2004. They comprised several sets of experiments, each one 161 
consisting of five fish (each fish was 6 g and 7 cm standard length). The standard length was 162 
measured from the tip of the snout up to the indentation of the fish caudal fin. Specimen sea 163 
bass were kindly donated by Vendée Aquaculture, La Faute sur Mer, France. They were 164 
placed in 400 l seawater tanks at constant temperature (18 °C) with a natural photoperiod for 165 
up to six weeks. They were fed twice a week with commercial pellets. 166 
 167 
2.2. Experimental set up 168 
 169 
Experiments took place in seawater in a 40 l-tank (100 x 40 x 10 cm) at constant 170 
temperature (18 °C). The photoperiod was controlled (14-L:10-D) and food was delivered by 171 
an automatic feeder each day, about thirty minutes after the beginning of the light phase. Fish 172 
were placed for one week in this tank before the beginning of the experiment. 173 
In order to test the function or the dysfunction of their lateral line system, a pipette 174 
connected to a syringe was hand-operated used to inject a water jet (about twenty ml per 175 
injection) between the water surface and the base of the tank when fish swam in the vicinity 176 
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(about 5 cm) of the pipette. The relatively shallow height of the water column (about 10 cm) 177 
kept the fish at a depth close to that of the pipette producing the stimulation.  178 
Each day, three stimulations (injection of a water jet with the syringe) were 179 
performed and the responses of the fish were recorded with an analog video camera (SONY 180 
CCD-VX1E Handicam Pro, 25-frames.s-1) positioned at a height of ~ 1 m above the water 181 
surface. The lateral line system of the fish was considered as functional when the water jet 182 
stimulation provoked a sudden escape reaction, characterised by the bending of the fish’s 183 
body into a C-like shape. This was followed by an abrupt swimming acceleration away from 184 
the initial location (fig. 1 A, B, C). The entire behaviour is called a C-start response (Eaton et 185 
al., 2001). Such a response was recorded as a positive response and noted 1. Immobility or a 186 
constant swimming velocity was noted as null response and noted 0 (fig. 1 D, E, F). Each day, 187 
the number of positive responses out of the three expected was calculated. In this way, sea 188 
bass were recorded each day under control conditions for three weeks.  189 
 190 
2.3. Fish lateral line system inactivation 191 
 192 
To ensure this experimental set up was successful, that is a non-functional lateral line 193 
system impeded fish from responding positively to stimulation based on the water jet, the 194 
lateral line system of sea bass was first deliberately inactivated using aminoglycoside 195 
antibiotics. This antibiotic-induced inactivation study was comprised of three experiments. 196 
For each experiment, after three weeks of fish response recording under control conditions, 197 
sea bass were collected and placed for 3 h in a 10 l-tank of seawater to which were added 0.5 198 
g.l-1 streptomycin sulphate (Sigma) and 0.042 g.l-1 gentamicin sulphate (Sigma). The fish 199 
were then placed back in their experimental tank. Their swimming behaviour appeared 200 
normal. After several hours for recovery, required for the entire disappearance of the stress 201 
 9 
caused by the antibiotic bath, the sea basses’ responses to the three stimulations by the water 202 
jet were recorded each day until the restoration of a normal behaviour.  203 
In order not to attribute a null response of fish to the stress produced by 204 
manipulation, two placebo treatments were carried out, one week apart during the three weeks 205 
of recording under control conditions. This placebo treatment consisted of placing fish for 3 h 206 
in 10 l-tanks without any antibiotic. They were then placed back in their experimental tank 207 
and their escape responses to the water jet were recorded after several hours of recovery.  208 
 209 
2.4. Cadmium exposure 210 
 211 
To reveal the impact of cadmium exposure on the lateral line system and the 212 
consequences for escape responses, two sets of experiments with two separate groups of fish 213 
were performed for each concentration of cadmium tested. For this, after three weeks of fish 214 
response recording under control conditions, sea bass were collected and placed in a 10 l-tank 215 
of seawater to which cadmium (Cd(NO3)2, Merck, cadmium standard solution 1000 mg.l-1 in 216 
nitric acid 0.5 M) was added for 4 h (the time needed for cadmium adsorption onto a particle, 217 
Chiffoleau et al., 1999), at two different concentrations of cadmium. The first concentration 218 
of cadmium tested was 0.5 µg.l-1, which represents the maximal cadmium concentration 219 
encountered in contaminated estuaries such as the Gironde, Scheldte or Hudson estuaries 220 
(Klinkhammer and Bender, 1981; Valenta et al., 1986; Elbaz-Poulichet et al., 1987; Boutier et 221 
al., 1989; Cossa and Lassus, 1989; Jouanneau et al., 1990). The second, high cadmium 222 
concentration (5 µg.l-1) used, represents ten times the concentration found in highly polluted 223 
estuarine areas. Fish were then placed back in their experimental tank. Their swimming 224 
behaviour was normal. After several hours for recovery, required for the entire disappearance 225 
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of the stress caused by the cadmium exposure, the sea bass responses to the three daily 226 
stimulations by the water jet were recorded, until the restoration of a normal behaviour.  227 
As in the antibiotic bath treatment, to evaluate the stress caused by the manipulation, 228 
two placebo treatments (four-hour baths in seawater without cadmium) were performed one 229 
week apart during the three weeks of recording under control conditions.  230 
In addition, to test for the possibility that acid exposure alone may have a 231 
behavioural effect (from the nitric acid present in the cadmium standard solution), untreated 232 
fish were tested after exposure to dilute nitric acid. For this, fish from each set of experiments 233 
were placed for 4 h in seawater to which was added nitric acid at the same concentration as 234 
that during cadmium exposure (i.e. 2.5 µM). No behavioural modification was observed in 235 
sea bass after nitric acid exposure.  236 
All aquaria and other materials in contact with metal ions were carefully 237 
decontaminated with acid (3.5 % nitric acid, Merck + 5 % fuming hydrochloric acid, Merck) 238 
for 24 hours and were then copiously rinsed with distilled water before any new use. 239 
 240 
2.5. Checking lateral line system tissue status 241 
 242 
For each set of experiments, to verify the tissue status of superficial and canal lateral 243 
line system neuromasts in sea bass after antibiotic treatment and cadmium exposure, two 244 
treated fish were collected: the one, 48 hours after treatment or exposure and the other, at the 245 
end of the experiment (after return to baseline behaviour). The neuromast tissue status of 246 
treated fish was compared with that of a control fish collected at the end of the three weeks of 247 
recording under control conditions. Prior to sacrifice, collected fish were anaesthetised with 248 
75 mg.l-1 MS-222 (3-aminobenzoic acid ethyl, Sigma) for about 15 minutes. Their entire 249 
trunk lateral line mechanoreceptors were then sampled. They consist of a single row of 250 
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modified scales, differing from the others by the presence of superficial neuromasts and the 251 
canal tube containing canal neuromasts, running within the mid-section of each flank from the 252 
operculum to the tail (Faucher et al., 2003). Tissue samples were fixed in 4 % glutaraldehyde 253 
(Fisher Scientific Labosi) in sodium cacodylate buffer (0.4 M, pH 7.2) and dehydrated in 254 
graded acetone concentrations and critical point-dried using liquid CO2 (BALTEC CPD 030). 255 
They were then mounted on brass supports and sputter-coated with gold (Cressington Sputter 256 
Coat). Observations were performed with a JEOL JSM-5410LV scanning electron 257 
microscope.  258 
 259 
2.6. Statistical analyses 260 
 261 
To estimate damage caused by cadmium to both types of neuromasts, the average 262 
number of superficial and canal neuromasts observed per scale was calculated. Data obtained 263 
were then compared between fish exposed to cadmium and control fish using non-parametric 264 
statistical tests which values were noted: H for Kruskal-Wallis and U for Mann-Whitney.  265 
 266 
Behavioural responses to water jet stimulations were first analysed by set of 267 
experiment. Several variables were defined: 268 
i: the number of the set of the experiment considered (1, 2 or 3 for antibiotic 269 
treatment and 1 or 2 for cadmium exposure), 270 
j: the number of the daily stimulation performed (1, 2 or 3), 271 
k: the number of the day considered (from – 21 to + 33), 272 
r: the binary value of each response (0 for a null response and 1 for a positive 273 
response), 274 
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Rki: the total number of positive responses on the kth day and on the ith set (from 0 to 275 
3), 276 
Pki: the percentage of positive responses on the kth day and on the ith set (from 0 to 277 
100 %), 278 
kP : the average percentage of daily positive responses on the kth day, all sets of 279 
experiments combined. 280 
 281 
For each set of experiments, the total number of positive responses (Rki) generated by 282 








          (1) 284 
Then, the percentage (Pki) of positive responses according to the total number of 285 
recorded responses (3) was calculated each day for each set of experiment according to 286 
equation 2. 287 
3/001  * RP  kiki =          (2) 288 
The average of the percentages obtained each day during all sets of experiment was 289 






  kik 3/ PP          (3) 291 
Data obtained are expressed as the average percentage kP  ± SD (standard deviation 292 
of the mean). The number of data obtained by day and by set of experiments is indicated 293 
between brackets. The percentages obtained before and after treatment (antibiotic exposure or 294 
cadmium exposure) were compared using χ ²-test. Statistical analyses were performed with 295 
the statistical software XlSTAT-Pro 6.0. The level of significance was set at p < 0.05.  296 
 297 
 13 
3. Results 298 
 299 
3.1. Consequences of lateral line system inactivation by antibiotics on the fish responses to 300 
the water jet 301 
 302 
3.1.1. Checking lateral line system tissue status 303 
 304 
For each set of experiments, three specimens of sea bass were collected to observe 305 
the tissue status of their lateral line system neuromasts: a control fish at the end of the three 306 
weeks of recording under control conditions and two fish treated with antibiotics, 48 hours 307 
after treatment and at the end of the experiment, respectively.  308 
Compared with superficial and canal neuromasts of control fish (fig. 2 A, B), the 309 
majority of both types of neuromasts of treated fish, collected 48 hours after antibiotic 310 
treatment, displayed significant damage (fig. 2 C, D). Their cupulae were destroyed more 311 
frequently than for control fish and their sensory macula hair bundles were either disorganised 312 
or totally destroyed (fig. 2 D). On the other hand, treated fish collected at the end of 313 
experiment showed an intact lateral line system: their superficial and canal neuromasts were 314 
similar to those observed in control fish (fig. 2 E, F).  315 
 316 
3.1.2. Impact of lateral line system inactivation on sea bass escape response 317 
 318 
Figure 3 indicates the average percentages of positive responses, kP , obtained during 319 
the whole duration of the experiment (three sets of experiments). During the first three weeks 320 
(control recording), water jet stimulations mainly generated positive responses: sea bass swam 321 
away in 97.77 ± 5.61 % (n = 28) of cases. Neither of the placebo treatments modified fish 322 
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response percentages. At day 0, that is the day of antibiotic treatment, fish displayed only 323 
44.44 ± 38.39 % (n = 3) of positive responses to stimulations. This percentage is significantly 324 
different from that recorded in control conditions ( χ ² = 33.623, p < 0.0001). The percentage 325 
of positive responses to stimulations progressively decreased until it reached 8.34 ± 11.79 % 326 
(n = 3) the 10th day after treatment. Between the 10th and the 25th day after treatment, the 327 
behaviour restoration rate was about 4 % per day. From the 25th day after treatment, sea bass 328 
started to positively respond again to stimulations in 83.33 ± 23.57 % (n = 3). From this day, 329 
the positive response percentage was not significantly different from that recorded in control 330 
conditions (97.77 ± 5.61 %, n = 28, χ ² = 2.291, p = 0.13). 331 
 332 
3.2. Consequences of cadmium exposure on sea bass lateral line system and on the fish 333 
responses to the water jet 334 
 335 
3.2.1. Cadmium exposure at the concentration of 0.5 µg.l-1 336 
 337 
3.2.1.1 Checking lateral line system tissue status after cadmium exposure 338 
 339 
After exposure of fish to low cadmium concentration (0.5 µg.l-1), the tissue status of 340 
neuromasts was observed 48 hours and one month after exposure, and compared with that of 341 
control fish neuromasts (fig. 4). In sea bass exposed to cadmium at 0.5 µg.l-1, superficial and 342 
canal neuromasts were similar to those observed in control fish (fig. 4 A, B), 48 hours (fig. 4 343 
C, D) or one month (fig. 4 E, F) after cadmium exposure. Considering the number of 344 
neuromasts observed per scale, only one canal neuromast was observed per scale in control 345 
fish (n = 21), in fish 48 hours (n = 11) and also in fish one month (n = 15) after cadmium 346 
exposure. For superficial neuromasts, control fish possessed 1.43 ± 0.87 % (n = 40) per scale, 347 
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compared to 1.22 ± 0.88 % (n = 12) in fish 48 hours after exposure and 1.00 ± 0.95 % (n = 348 
12) in fish one month after cadmium exposure. A Kruskal-Wallis test indicated that these 349 
numbers of superficial neuromasts per scale were not significantly different (H = 0.291, p = 350 
0.865). 351 
 352 
3.2.1.2 Impact of cadmium exposure at 0.5 µg.l-1 on sea bass escape response 353 
 354 
The average positive response percentages of sea bass faced with water jet were 355 
calculated before and after 0.5 µg.l-1 cadmium exposure (fig. 5). During the three weeks of 356 
recording under control conditions, sea bass responded positively at 98.41 ± 4.95 % (n = 42). 357 
Neither of the placebo treatments modified the percent positive responses. The day of 358 
cadmium exposure and during the three following weeks, sea bass displayed no behavioural 359 
difference: they went on responding positively at 95.16 ± 9.79 % (n = 41) of stimulations. A 360 
χ ²-test indicated that these two percentages, before and after low concentration cadmium 361 
exposure, were not significantly different ( χ ² = 2.464, p = 0.116).  362 
 363 
3.2.2. Cadmium exposure at the concentration of 5 µg.l-1 364 
 365 
3.2.2.1 Checking lateral line system tissue status after cadmium exposure 366 
 367 
The tissue status of sea bass lateral line system neuromasts was observed 48 hours 368 
and one month after exposure to 5 µg.l-1 cadmium. Figure 6 illustrates the tissue status of both 369 
types of lateral line system neuromasts of the control fish and of fish after cadmium exposure. 370 
In control fish, both types of neuromasts had intact sensory maculae: hair bundles of 371 
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subjacent hair cells were well developed (fig. 6 A, B). On the 24 observed scales from the 372 
control fish, the average number of superficial neuromasts was of 0.79 ± 0.98 % (n = 19) and 373 
1.00 ± 0.00 % (n = 7) canal neuromasts per scale. In contrast, on the 30 scales observed 48 374 
hours after cadmium exposure, all superficial and canal neuromasts were entirely destroyed: 375 
no hair bundles were seen on the sensory maculae (fig. 6 C, D). In addition, the average 376 
number of both types of neuromasts on these scales was relatively low: 0.58 ± 0.69 % (n = 377 
19) superficial neuromast and 0.44 ± 0.51 % (n = 16) canal neuromast per scale. As these 378 
numbers indicate, some canal neuromasts were entirely destroyed and therefore not visible. A 379 
Mann-Whitney test showed that the difference observed in the average number of superficial 380 
neuromasts per scale in control fish and fish observed 48 hours after cadmium exposure, was 381 
not significant (U = 195.000, p = 0.321, n = 28). In contrast, for canal neuromasts, the average 382 
number observed per scale was significantly lower in fish 48 hours after cadmium exposure 383 
than in control fish (U = 87.500, p = 0.006, n = 23). 384 
Fish scales observed one month after cadmium exposure (at 5 µg.l-1) showed intact 385 
neuromasts of each type (fig. 6 E, F) compared with control fish (fig. 6 A, B). Their average 386 
number per scale was 1.09 ± 0.85 % (n= 23) superficial neuromast compared to 1.00 ± 0.00 % 387 
(n= 14) canal neuromast. The average number of superficial neuromasts per scale was 388 
significantly higher than that obtained 48 hours after cadmium exposure (U = 145.000, p = 389 
0.023, n = 42) but was not significantly different from that calculated in control fish (U = 390 
172.500, p = 0.110, n = 42). For canal neuromasts, results were the same as those observed in 391 
control fish and were significantly higher than those obtained in fish 48 hours after cadmium 392 
exposure (U = 49.000, p < 0.0001, n = 30). 393 
 394 
3.2.2.2 Impact of cadmium exposure at 5 µg.l-1 on sea bass escape response 395 
 396 
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The average positive response percentages recorded during the two sets of 397 
experiments from fish exposed to this high concentration of cadmium is represented in figure 398 
7.  399 
Before cadmium exposure, sea bass mainly responded positively: they swam away 400 
after stimulation by the water jet in 95.93 ± 9.10 % (n= 41) of cases. The two placebo 401 
treatments realised did not generate any behavioural modification in sea bass. The day of 402 
cadmium exposure, the positive response percentage fell significantly ( χ ² = 24.562, p < 403 
0.0001): sea bass responded positively in only 41.67 ± 35.36 % (n= 2) of stimulations. This 404 
percentage progressively decreased until it reached 0.00 ± 0.00 % (n = 2) the 5th day after 405 
cadmium exposure. Then, from this day, sea bass tended to detect the water jet progressively 406 
more frequently: their positive response percentage increased progressively by about 4 % per 407 
day. From the 21st day after cadmium exposure, the average percentage of positive responses 408 
recorded (86.74 ± 20.82 %, n = 11) was not significantly different from that recorded under 409 
control conditions (95.93 ± 9.10 %, n = 41, χ ² = 2.876, p = 0.090).  410 
 411 
4. Discussion 412 
 413 
In fish, the detection of a water current is a lateral-system-specific stimulus. Water 414 
flow from many different directions is mainly detected by superficial neuromasts located in 415 
the anterior part of the head (Janssen et al., 1987; Voigt et al., 2000). In this study, when sea 416 
bass possessed an intact lateral line system, sudden water-jet stimulation involved an 417 
instantaneous and effective escape, of the “C-start” type, in more than 97 % of cases. 418 
Combining all recordings under control conditions, a small percentage of failures to respond 419 
(less than 3 %) was observed. However, in previous behavioural experiments, a larger 420 
percentage of failures in fish responses have been reported: for example, Blaxter and Fuiman 421 
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(1989) showed that herring, cod and plaice larvae displayed an effective escape reaction when 422 
a probe approached with an error (failures to respond) percentage of less than 20 %. 423 
Compared with this result, the percentage of failures to respond obtained in our experiments 424 
seems practically negligible. It can be attributed to stimulations realised asynchronously 425 
according to the crossing of fish in the close vicinity of the stimulation system: the water jet 426 
might be applied when the fish was already out of reach. In addition, daily stimulations may 427 
have caused a certain level of habituation.  428 
After antibiotic treatment, fish reacted to only about 40 % of stimulations and this 429 
percentage progressively fell to 8 % ten days after treatment. This result indicates that at least 430 
some superficial and canal neuromasts were not functional. Indeed, water jets injected under 431 
the surface when fish swam in front of the stimulation system did not generate any marked 432 
escape behaviour. This particular fish behaviour can be attributed to their non-functional 433 
lateral line system. Blaxter and Fuiman (1989) have already observed the disappearance of 434 
escape behaviour in herring, cod and plaice larvae after destruction of their superficial 435 
neuromasts by high-concentration streptomycin or as a result of turbulence destroying their 436 
cupulae. These experiments confirm the necessity for fish to have a functional lateral line 437 
system to respond to hydrodynamic stimuli (Janssen and Corcoran, 1993). Blaxter and 438 
Fuiman (1989) may go too far in suggesting that the approach of a predator or any organism 439 
is detected by superficial neuromasts in relation with Mauthner cells. In contrast, Abdel-Latif 440 
et al. (1990) and Bleckmann (2000) showed that detection of hydrodynamic stimuli is 441 
mediated by canal neuromasts. These two divergent hypotheses could be explained by the fact 442 
that hydrodynamic stimuli are expressed as two components: the water flow velocity to which 443 
superficial neuromasts are sensitive, and the flow acceleration at the beginning and at the end 444 
of a water current, detected by canal neuromasts (Denton and Gray, 1989; Voigt et al., 2000).  445 
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After antibiotic treatment damaged their lateral line system, sea bass progressively 446 
recovered normal behaviour: the positive response percentage to stimulations gradually 447 
increased, at the rate of 4 % per day, eventually recovering to baseline levels. This 448 
progressive behavioural recovery, observed over about one month, can be compared with the 449 
regeneration of their lateral line system. Indeed, scanning electron microscopy observations 450 
showed that both types of neuromasts sampled on sea bass one month after treatment were by 451 
then intact. Apart from the consistent absence of their cupulae, which could be attributed to a 452 
manipulation artefact, their maculae possessed hair bundles in which tissue status and 453 
organisation were similar to those observed in control fish.  454 
The stimulation system adjusted in this study was thus really specific to the lateral 455 
line system, since the inactivation of this sensory system resulted in a non-response of fish to 456 
the water jet. In addition, a restoration of their escape behaviour was observed after one 457 
month, the time needed for the regeneration of both types of lateral line system neuromasts.  458 
The alteration of fish mechanosensory abilities by metal ions has been reviewed by 459 
Atchison et al. (1987). Nevertheless, the impact of a cadmium exposure on fish behaviour had 460 
been shown mainly on freshwater fish. Many behavioural consequences have been described: 461 
swimming alterations (Yorulmazlar and Gül, 2003), intraspecific interactions (Sloman et al., 462 
2003a, b; Tilton et al., 2003), predator / prey interactions (Sullivan et al., 1978; Scherer et al., 463 
1997; Scott et al., 2003) and avoidance responses (McNicol et al., 1996, 1999). One study 464 
also pointed out that cadmium could induce in freshwater fish sensory deficiencies in both 465 
olfaction and in the lateral line system (Baker and Montgomery, 2001). However, apart from 466 
this, very few studies have demonstrated the impact of cadmium on seawater fish behaviour. 467 
For example, in the catfish Ictalurus nebulosus, 40 µg.l-1 cadmium deteriorated electro-468 
orientation performance by blocking calcium-channels in the basal membrane of 469 
electroreceptors (Neuman et al., 1991). In addition, the white seabass Lates calcarifer and the 470 
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flounder Pleuronectes flesus presented erratic swimming in response to an acute cadmium 471 
exposure at high concentration (10 mg.l-1) (Larsson et al., 1976; Tophon et al., 2003). 472 
Associated with this abnormal behaviour, the white sea bass exhibited an excessive mucus 473 
production on the opercular surface, hyperventilation and a lower feeding rate (Tophon et al., 474 
2003).  475 
In this study, under control conditions, sea bass performed immediate and effective 476 
responses, of the C-start type, in more than 95 % of stimulations caused by the sudden water 477 
jet. In the overwhelming majority of cases, these positive responses were made when the 478 
lateral line system of fish considered was intact. Indeed, observations made with a scanning 479 
electron microscope showed that before cadmium exposure, both types of lateral line system 480 
neuromasts were normal. In contrast, after a high-concentration acute cadmium exposure (5 481 
µg.l-1), sea bass did not respond to the water jet: they seemed not to detect hydrodynamic 482 
stimulations. This result is consistent with the destruction of both types of lateral line system 483 
neuromasts observed 48 hours after cadmium exposure: their maculae were entirely 484 
destroyed. In addition, treated sea bass possessed fewer superficial and canal neuromasts than 485 
control fish: although this difference was not significant for superficial neuromasts, it was 486 
highly significant for canal neuromasts. As suggested by Verbost et al. (1987, 1988) at the 487 
time of their studies on the inhibitor effect of cadmium on calcium transport in trout gills, 488 
cadmium ions might have been in competition with calcium ions, although the latter are far 489 
more abundant in seawater. As observed for gills, cadmium and calcium ions are mutually 490 
antagonistic in fixation processes on sites located at the level of the Ca2+-ATPase pump of the 491 
baso-lateral membrane of neuromast hair cells. The result of this seems to be a blockage of 492 
calcium transport in cells associated with their obvious degeneration. Consequently, when 493 
exposed to high-concentration cadmium, fish might not be in a position to perceive 494 
hydrodynamic stimuli relating to the approach of a predator, a prey, a congener or fishing 495 
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gear. Its survival in an environment contaminated with metal ions would thus be strongly 496 
compromised. Yet, the sea bass lateral line system possesses a great regenerative potential. 497 
Indeed, about five days after metal ion exposure was stopped, fish showed a progressive 498 
restoration of their escape behaviour. After 21 days, the level of C-start responses was 499 
equivalent to that recorded under control conditions. We can thus conclude that this is the 500 
period needed for the lateral line system to regenerate itself at a sufficient rate to allow 501 
detection of hydrodynamic stimuli. Indeed, the tissue status of both types of neuromasts 502 
observed by scanning electron microscopy one month after acute exposure to high-503 
concentration cadmium was similar to that of neuromasts observed in control fish at the 504 
beginning of the experiment. Compared to control fish, neuromast number was also 505 
equivalent. Thus, it can be suggested not only that partially damaged superficial neuromasts 506 
were restructured to become functional again but also that those which had been entirely 507 
destroyed and were thus not visible, had entirely regenerated.  508 
In contrast, when fish were exposed to cadmium at a concentration close to that 509 
recorded in natural polluted environments (0.5 µg.l-1), they did not present any behavioural 510 
modification. They continued to respond positively with C-start escape behaviour in response 511 
to the water jet. We can thus conclude that the concentration chosen and the cadmium 512 
exposure time were lower than the threshold necessary for inhibition of the sea bass lateral 513 
line system. Examination by SEM of superficial and canal tissue status after such an exposure 514 
to cadmium corroborates this hypothesis. Both types of neuromasts observed in sea bass after 515 
exposure were similar to those observed under control conditions. This indicates that the 516 
cadmium did not modify behaviour even though stimuli applied in this study were relatively 517 
strong, most likely more intense than signals received by fish when a predator or a prey 518 
approaches. In this way, if sea bass exposed to this low concentration of cadmium correctly 519 
responded to strong stimuli, it is not resolved what would happen in a natural environment 520 
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faced with lower intensity stimuli. Even if the tissue aspect of their neuromasts remained 521 
normal, we can venture the hypothesis of a lower efficiency in the detection of potential 522 
predator or prey in natural environments after exposure to cadmium. To confirm or refute this 523 
hypothesis, the lateral line system response to variable intensity stimuli could be tested by 524 
varying the current velocity of stimulations, attempting to approach as far as possible the 525 
stimuli generated by moving prey. On the other hand, in natural environments, sea bass are 526 
permanently exposed to this concentration of cadmium dissolved in the water column. The 527 
effects of such chronic exposure to cadmium might be greater than those suggested by our 528 
experiments using only acute exposure. The threshold cadmium concentration for lateral-529 
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Figure 1: Sequential single frames from the overhead video system (25-frames.s-1) illustrating 754 
the development of a positive response (A, B, C) and a null response (D, E, F) of fish to the 755 
water jet. The pipette injecting water is located on the left of each frame (black arrows). A, B, 756 
C. Before lateral line system inactivation, sea bass responded to water jet by bending their 757 
body into a C-like shape and accelerating their swimming to escape the danger. This entire 758 
behaviour is called a C-start response. D, E, F. After lateral line system inactivation, sea bass 759 
seemed not to detect the water jet: they remained immobile, were pushed away by the 760 
stimulus stream, or continued to swim at constant velocity.  761 
 762 
Figure 2: Scanning electron micrographs showing the effect of antibiotic treatment on tissue 763 
status of both superficial and canal neuromasts. A, B. Intact superficial (A) and canal (B) 764 
neuromasts observed in a control fish. Superficial neuromast is still covered by its cupula (A) 765 
whereas its absence on canal neuromast reveals hair bundles (insert in B). C, D. 48 hours after 766 
treatment, superficial (C) and canal (D) neuromasts were damaged. Hair bundles present 767 
within sensory macula of canal neuromast were totally destroyed (insert in D). E, F. One 768 
month after treatment, superficial (E) and canal (F) neuromasts displayed a normal 769 
morphology. The crush appearance of the superficial neuromast cupula in E is due to a 770 
manipulation artefact.  771 
 772 
Figure 3: Percentages of positive C-start escape responses caused by lateral line system 773 
stimulations over consecutive days. Day Zero on the x-axis corresponds to the day when fish 774 
were exposed to antibiotic treatment used to inactivate their lateral line system. Before 775 
treatment, sea bass positively reacted to the water jet. In contrast, as soon as their lateral line 776 
system was inactivated, the positive response percentage quickly fell. A recovery to baseline 777 
 33 
escape behaviour percentages in response to jet stimulation was observed from the 25th day 778 
after treatment. The regression formula given corresponds to the recovery function. 779 
 780 
Figure 4: Scanning electron micrographs showing the effect of low-concentration cadmium 781 
exposure (0.5 µg.l-1) on tissue status of both types of neuromasts. A, B. Intact superficial (A) 782 
and canal (B) neuromasts observed in a control fish. C, D. 48 hours after exposure, superficial 783 
(C) and canal (D) neuromasts were similar to those observed in control fish. The insert in D 784 
shows normal hair bundles in a canal neuromast. E, F. One month after exposure, superficial 785 
(E) and canal (F) neuromasts showed a normal morphology. The insert in F illustrates the 786 
normal morphology of canal neuromast hair bundles. 787 
 788 
Figure 5: Percentages of positive C-start escape responses caused by lateral line system 789 
stimulations over consecutive days. Day Zero on the x-axis corresponds to the day when fish 790 
were exposed to 0.5 µg.l-1 cadmium. Before and after low-concentration cadmium exposure, 791 
fish positively responded to water jet. The low-concentration cadmium exposure had no 792 
detectable impact on their percentage of escape responses.  793 
 794 
Figure 6: Scanning electron micrographs showing the effect of high-concentration cadmium 795 
exposure (5 µg.l-1) on tissue status of both types of neuromasts. A, B. Intact superficial (A) 796 
and canal (B) neuromasts observed in a control fish. Superficial neuromast is still covered by 797 
its cupula (A) whereas its absence on canal neuromast reveals hair bundles (insert in B). C, D. 798 
48 hours after exposure, superficial (C) and canal (D) neuromasts were entirely deprived of 799 
hair bundles (inserts in C and D). E, F. One month after exposure, superficial (E) and canal 800 
(F) neuromasts appeared normal. Their hair bundles (inserts in E and F) were similar to those 801 
observed in control fish.  802 
 34 
 803 
Figure 7: Percentages of positive C-start escape responses caused by lateral line system 804 
stimulations over consecutive days. Day Zero on the x-axis corresponds to the day when fish 805 
were exposed to 5 µg.l-1 cadmium. Before cadmium exposure, the majority of sea bass 806 
positively reacted to water jet. In contrast, as soon as their lateral line system was exposed to 807 
high-concentration cadmium, the positive response percentage quickly fell. A recovery of 808 
their escape behaviour in response to water jet stimulation was observed from the 21st day 809 
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